Background--Prostaglandin E 2 (PGE 2 ) is a major prostanoid with multiple actions that potentially affect blood pressure (BP). PGE 2 acts through 4 distinct E-prostanoid (EP) receptor isoforms: EP1 to EP4. The EP4 receptor (EP4R) promotes PGE 2 -dependent vasodilation, but its role in the pathogenesis of hypertension is not clear.
P rostanoids, generated through the cyclooxygenase pathway of arachidonic acid metabolism, have a wide range of biological functions. Because of their relatively short halflives, these compounds typically act locally in the tissues where they are synthesized and their actions are mediated by specific receptors belonging to the large family of G-proteincoupled, 7-transmembrane receptors. 1 NSAIDs, among the most widely used medications worldwide, act by inhibiting cyclooxygenase enzymes, thereby broadly attenuating the production of all prostanoids. 2 NSAIDs are effective analgesic agents, but their use has been associated with exacerbation of hypertension 3, 4 and increased cardiovascular risk, 5, 6 suggesting that ≥1 prostanoids have beneficial actions to prevent hypertension and cardiovascular disease. Prostaglandin E 2 (PGE 2 ) is a highly abundant prostanoid with several actions relevant to blood pressure (BP) control and cardiovascular functions. [7] [8] [9] [10] [11] For example, it is a potent vasodilator 12 and can induce natriuresis. 13 Moreover, PGE 2 influences immune responses and inflammation, [14] [15] [16] which have recently been shown to contribute to the pathogenesis of hypertension 17, 18 and cardiovascular diseases. 18, 19 The actions of PGE 2 are mediated by a series of E-prostanoid (EP) receptors, which are divided into 4 pharmacological classes, EP1 to EP4, with differing tissue distributions and varied coupling to intracellular signaling pathways. [20] [21] [22] Among the EP receptor isoforms, EP2 and EP4 have been classically considered as "relaxant" receptors 1, [23] [24] [25] based on their preferential coupling to Gs proteins, linked to enhanced formation of cAMP and relaxation of bronchial and vascular smooth muscle.
Our group 27 and others 28 have shown that genetic deficiency of microsomal PGE synthase 1, the major downstream PGE synthase enzyme responsible for synthesis of PGE 2 , is associated with elevated baseline BP and exaggerated angiotensin II-or deoxycorticosterone acetate (DOCA)-salt-dependent hypertension in mice. Although the EP4 receptor (EP4R) contributes to PGE 2 -dependent vasodilation, 22, 29 the role of the EP4R in hypertension is not clear. In studies described herein, we find that inducible deletion of EP4R across all tissues is associated with elevated BP and exaggerated response to long-term angiotensin II infusion, consistent with a role for EP4R to mitigate hypertension. However, cell-specific deletion of EP4R from vascular smooth muscle cells (VSMCs) does not reproduce this prohypertensive phenotype, indicating that resistance to hypertension is not mediated by vasodilatory actions of EP4R.
Methods
The data, analytic methods, and study materials will be made available to other researchers for purposes of reproducing the results or replicating the procedure. 30 Mouse lines are available on request from the authors.
Experimental Animals
A mouse line with a conditional Ptger4 flox allele was generated using homologous recombination in embryonic stem cells. 
BP Measurements in Conscious Mice
BP was measured continuously in conscious mice using radio telemetry, as described previously. 34 After telemetry implantation, mice were allowed to recover for 7 days before BP recording started. A 7-day baseline period during which the mice were fed with regular chow (0.4% NaCl) was followed by low-salt (<0.01% NaCl) and high-salt (6% NaCl) diets for 7 days, respectively. Finally, animals were returned to the regular chow for 3 days, and angiotensin II (Sigma Aldrich, St Louis, MO) was then infused using an osmotic minipump (1000 ng/kg per minute; Alzet, Cupertino, CA), as described previously. 35 BP was continuously monitored for up to 3 weeks after angiotensin II infusion was initiated.
Assessment of Acute Vascular Responses to Agonists
We examined acute vascular responses to short-term intravenous infusions of PGE 2 (Cayman Chemicals, MI) and
Clinical Perspective
What Is New?
• We used novel mouse lines with temporal-and cell-specific deletion of the E-prostanoid 4 receptor (EP4R) to investigate its role in blood pressure control and in the pathogenesis of hypertension.
• This study, for the first time, clearly demonstrates a role for EP4R in baseline control of blood pressure and as a mitigating factor in the development of hypertension.
• We also show that EP4R in vascular smooth muscle cells mediates the vasodilator actions of prostaglandin E 2 and serves as a key trigger for renin release, influencing the level of baseline blood pressure. What Are the Clinical Implications?
• Powerful protective actions of prostanoids in hypertension and cardiovascular disease have been revealed through clinical studies of NSAIDs, which act by specific inhibition of cyclooxygenase enzymes, reducing production of prostanoids.
• In hypertension, characterizing the mechanisms underlying the beneficial effects of prostanoids, such as those mediated by the EP4R, can inform pathogenesis, uncover therapeutic targets, and suggest approaches for developing safer analgesic agents.
angiotensin II in mice anesthetized with 2% isoflurane, as described previously. 35 A catheter (PE-50) was inserted into the left jugular vein for administration of basal fluids and vasoconstrictors. A second catheter (pulled-down PE-50) attached to a pressure transducer (model MLT844, ADInstruments, Colorado Springs, CO) was placed in the left carotid artery. Intra-arterial BP was recorded continuously through the carotid catheter using the PowerLab data acquisition system and LabChart software (ADInstruments). PGE 2 (100 lg/kg) was injected intravenously and followed by 1 lg/kg of angiotensin II 10 minutes later, while intra-arterial pressures were continuously monitored.
Furosemide-Stimulated Renin mRNA Expression
To assess capacity for furosemide-stimulated renin expression, separate cohorts of control and SMKO (n=9 per group) mice were treated with furosemide (2.28 mmol/L in drinking water; Sigma) or vehicle for 5 days. Kidneys were harvested, and RNA was extracted from the renal cortex for further analysis, as described previously.
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Quantitative Reverse Transcription-Polymerase Chain Reaction
Quantitative reverse transcription-polymerase chain reaction (PCR) was used to assess mRNA expression levels. Isofluraneanesthetized mice were perfused with ice-cold PBS, and tissues were snap frozen in liquid nitrogen and stored in À80°C for RNA isolation. Total RNA was extracted using the RNeasy Mini or Micro Kit (Qiagen). Reverse transcription was performed using qScript cDNA Supermix (Quanta Biosciences, Gaithersburg, MD), and quantitative PCR was performed using the SYBR Green PCR Master Mix (Applied Biosystems, Carlsbad, CA). The amount of target gene relative to endogenous control (GAPDH) was determined by the D cycle threshold (Ct) method. The primer sequences are provided in the Table. Statistical Analysis
GraphPad v7.0 (GraphPad Software, San Diego, CA) was used for statistical analysis. Normality was determined using the Shapiro-Wilk test. For comparisons between 2 groups in which normal distribution of the data could not be established, statistical significance was assessed using the Mann-Whitney test. In these cases, data are expressed as median with interquartile range (IQR). For comparisons between 2 groups with normally distributed data, statistical significance was assessed using the unpaired t test and data are expressed as meanAESEM. Multiple comparisons between groups were assessed by 1-way ANOVA, followed by Bonferroni post hoc test. Comparisons within groups were assessed by paired t test. Probability value for significance was defined as P<0.05.
Results

Characterization of Mouse Line With TamoxifenInduced Deletion of EP4R in All Tissues
To generate mice lacking EP4 expression in all tissues (TBKO), we used a tamoxifen-inducible Cre recombinase transgene driven by the b-actin promoter (ESR-Cre). To document the degree of EP4R excision, EP4R expression was quantified by real-time PCR in tissues from ESR-Cre + Ptger4 flox/flox (TBKO)
and ESR-Cre À Ptger4 flox/flox (control) mice ( Figure 1 ). Two weeks after tamoxifen administration, meanAESEM EP4 mRNA levels were significantly reduced in all tissues examined from TBKO mice by 96.3AE3.1% in kidney (n=6 and n=5; P=0.004), 95.0AE4.3% in thymus (n=4; P=0.029), 70.5AE4.4% in aorta (n=4; P=0.057), and 99.7AE2.2% in heart (n=5; P=0.008). (EP4R) deletion in total-body knockout (TBKO) mice. EP4 mRNA expression was measured in total RNA extracted from kidney, heart, aorta, and thymus. In all tissues tested, EP4R expression was significantly reduced in TBKO compared with control mice. n=4 to 6 per group. Data are expressed as median with range. *P<0.05, **P<0.01.
These data suggest efficient deletion of EP4R is achieved in ESR-Cre 
Acute Vasodilatory Responses to PGE 2 Are Attenuated in Mice Lacking EP4R in All Tissues
To determine the impact of the complete absence of EP4R on PGE 2 -dependent vasodilation, we measured hemodynamic responses to short-term bolus infusions of PGE 2 in TBKO and control mice. As shown in Figure 2 , administration of PGE 2 to control mice caused a rapid decrease in BP to a nadir of À11 mm Hg (IQR, À14 to À9 mm Hg; n=5 
Elevated BPs and Enhanced Salt Sensitivity in TBKO Mice Lacking EP4R in All Tissues
BP in TBKO and control mice was measured using radio telemetry at baseline on a standard (0.4% NaCl) diet and during sequential feeding of low-sodium (<0.01% NaCl) and high-sodium (6% NaCl) chow. As shown in Figure 3A , mean arterial pressure (MAP) in control animals under baseline conditions of a standard 0.4% diet was 105AE2 mm Hg (n=9). Under similar conditions, the absence of EP4R in the TBKOs was associated with a significant elevation in baseline MAP to 110AE1 mm Hg (n=8; P=0.041 versus control). BP in TBKOs remained higher than controls throughout the periods of lowand high-salt feeding (P=0.038 and P=0.004 versus control, respectively; Figure 3A ). Within groups, the low-salt diet did not significantly affect MAP in either mouse line compared with baseline. However, MAP increased significantly with highsalt feeding in both controls (meanAESEM, 108AE2 mm Hg [P=0.014] versus 0.4% NaCl; n=9) and the TBKOs (mean AESEM, 118AE2 mm Hg [P=0.007] versus 0.4% NaCl; n=6). In addition, the change of MAP from low-to high-salt feeding period was significantly higher in TBKO mice (5 mm Hg; IQR, 2-7 mm Hg) compared with controls (1 mm Hg; IQR, 0-2 mm Hg; P=0.026; Figure 3B ). Thus, the absence of EP4R in TBKOs caused elevated baseline BP and enhanced salt sensitivity.
Reduced Expression of EP4R in All Tissues Causes Exaggerated Angiotensin II-Dependent Hypertension
To induce hypertension in TBKOs and controls, we infused angiotensin II subcutaneously via osmotic minipump at a dose of 1000 ng/kg per minute for 3 weeks. As shown in Figure 4A , angiotensin II caused rapid increases in BP in , measured by radio telemetry, was significantly higher in total-body knockout (TBKO) mice compared with controls at baseline and during low-salt (LS) or high-salt (HS) feeding. Feeding an LS diet had no effect on BP in the control mice; however, MAP increased significantly in both groups with HS feeding. B, The BP change from LS to HS feeding period was significantly elevated in TBKOs compared with the control group. n=6 to 9 per group. Data are expressed as meanAESEM (A) and median with range (B). NS indicates normal salt. *P<0.05, **P<0.01 vs control; ‡ P<0.05, ‡ ‡ P<0.01 vs baseline with NS feeding.
both groups, and the BP in TBKOs remained elevated (meanAESEM, 146AE3 mm Hg; n=7) compared with controls (meanAESEM, 132AE3 mm Hg; n=8; P=0.008) throughout the period of angiotensin II infusion ( Figure 4A ). Even considering the lower baseline BP in the control group, the change in MAP from baseline to the averaged entire period of angiotensin II infusion was significantly higher in TBKOs (33 mm Hg; IQR, 27-36 mm Hg) than in controls (22 mm Hg; IQR, 14-30 mm Hg; P=0.029; Figure 4B ).
Generation of Mice Lacking EP4R in Smooth Muscle
Because actions of the EP4R to promote vasodilation could abrogate BP elevation, we hypothesized that the protective effect of EP4R in angiotensin II-dependent hypertension is attributable to signaling and relaxation of VSMCs. To test this hypothesis, we generated mice lacking EP4R only in VSMCs by crossing a tamoxifen-inducible Cre transgene driven by the SMMHC promoter with the C57BL/6 Ptger4 flox/flox mouse line. We have previously documented specificity of SMMCCre + expression in smooth muscle cell lineages using the mTmG reporter mouse line. 35 We found diminished EP4R expression in VSMCs by measuring the EP4 mRNA expression in whole aorta tissue using quantitative reverse transcription-PCR (P=0.007 versus control; Figure 5 ). In addition, as shown in Figure 6 , acute vasodilatory responses to PGE 2 were significantly attenuated in SMKOs (P=0.012), whereas acute angiotensin II-induced vasoconstriction was significantly increased in SMKOs compared with controls (P=0.028; n=8 and n=9). These data suggest that the acute vascular response to PGE 2 stimulation is primarily mediated by EP4R in VSMCs. 
Reduced BP in Mice Lacking EP4R in VSMCs
We measured BP in SMKOs and controls using radio telemetry. As shown in Figure 7A , BP at baseline was unexpectedly and significantly reduced in SMKO mice (mean AESEM, 104AE2 mm Hg; n=10) compared with controls (meanAESEM, 109AE2 mm Hg; n=11; P=0.041). We also assessed the impact of altered dietary sodium intake on BP in the experimental groups. As shown in Figure 7A , compared with controls, BP remained lower in SMKOs during both lowand high-salt feeding. However, the BP change from low-to high-salt feeding period was similar in SMKOs and controls ( Figure 7B) . Thus, the absence of EP4R in VSMCs was associated with lower baseline BP without any significant effect on sodium-dependent BP responses.
Angiotensin II-Dependent Hypertension Is Unaffected in SMKOs
To determine the impact of eliminating EP4R from VSMCs on the development of hypertension, we performed long-term infusions of angiotensin II in SMKOs and controls, as described above. As shown in Figure 8A , the BP responses to angiotensin II infusion were indistinguishable between SMKOs and controls, with MAPs of 138AE3 and 139AE3 mm Hg, respectively (n=10 per group). Similarly, the changes in BP with angiotensin II compared with baseline were not significantly different between SMKOs (meanAESEM, 32AE3 mm Hg) and controls (meanAESEM, 27AE3 mm Hg; Figure 8B ).
Furosemide-Induced Renin Expression Was Reduced in SMKOs
We have previously shown that renin responses are impaired in mice completely lacking EP4R, 36 implicating EP4R as a key trigger for renin regulation. In view of the reduced baseline BP in SMKO mice, we hypothesized that reduced renin expression might be contributing to their low BP. Accordingly, we analyzed the renin mRNA expression in the renal cortex after administration of furosemide, which blocks sodium reabsorption by Na-K-Cl cotransporter (NKCC) 2 and thereby stimulates renin expression and release. [37] [38] [39] After administration of furosemide in drinking water for 5 days, renin expression was significantly lower in SMKO mice compared with controls (meanAESEM fold change, 8.6AE1.1 versus 11.7AE0.9; P=0.02; n=8 and n=9). This indicates that EP4R signaling in VSMCs is required for appropriate regulation of renin expression.
Discussion
A series of clinical and epidemiological studies have identified associations between the use of NSAIDs and risk for hypertension and cardiovascular disease. [3] [4] [5] [40] [41] [42] [43] [44] Because the pharmacological actions of NSAIDs are mediated by specific inhibition of cyclooxygenase enzymes and reduced production of prostanoids, these clinical studies highlight protective actions of prostanoids in these disorders. Characterizing the mechanisms underlying the beneficial effects of prostanoids in cardiovascular diseases can inform pathogenesis, uncover therapeutic targets, and suggest approaches for developing safer analgesic agents. Previous studies have demonstrated powerful actions of prostacyclin to prevent hypertension, coronary artery disease, and cardiac fibrosis. [45] [46] [47] [48] Similarly, a protective role for PGE 2 in hypertension has also been well documented. 27, 49 For PGE 2 , it has been suggested that mitigating actions in hypertension depend on vasodilation of both the systemic and renal circulations, reducing peripheral vascular resistance and promoting sodium excretion by the kidney in the face of hypertensive challenge.
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The vasodilator actions of PGE 2 are presumed to be mediated by its EP2 receptor and EP4R, which both signal by activating adenylyl cyclase and generating cAMP, a well-known stimulus for vascular relaxation. 1, 20, 25, 58 In this regard, previous work suggested that the EP2 receptor contributes to PGE 2 -induced vasodilation 49, 59 and also mediates protective actions of PGE 2 in hypertension. 59, 60 However, effects of the EP2 receptor to prevent development of hypertension have not been universally observed. 49 Moreover, a role for the alternative vasodilator receptor, EP4R, in BP regulation and hypertension has not been clearly defined. Herein, using conditional gene targeting, we find that PGE 2 elicits vasodilation via EP4R in VSMCs. We also show that the predominant role of EP4R in hypertension is to attenuate BP increases triggered by high-salt feeding or elevated levels of angiotensin II. However, the effects of EP4R to resist the development of hypertension are not mediated through its actions in VSMCs. Among its vascular actions, the EP4R is essential for normal remodeling and closure of the ductus arteriosus after birth. 61, 62 Specifically, ductus arteriosus closure is triggered by reduced EP4R signaling coincident with abrupt decrease in PGE 2 in the circulation immediately after delivery 61 ; these actions are mediated by EP4R expressed in VSMCs. 63 Accordingly, complete elimination of EP4R before birth causes perinatal mortality attributable to patent ductus arteriosus. 61 To circumvent this complication, we used tamoxifen-inducible Cre transgenes to delete the EP4R gene in adult mice. In TBKOs, this system achieved efficient diminution of EP4R expression in all tissues tested, and there were no other apparent untoward effects of deleting EP4R in adult animals. Moreover, elimination of EP4R resulted in substantial attenuation of PGE 2 -dependent vasodilation, indicating that EP4R is the predominant mediator of vascular responses to PGE 2 . Our studies in TBKOs, with reduced expression of EP4R across all tissues, identified a role for EP4R to resist the development of hypertension. Specifically, global removal of EP4R from adult mice caused a significant %5-mm Hg increase in resting BP along with salt sensitivity, characterized by exaggerated increases in BP during high-salt feeding. In addition, angiotensin II-dependent hypertension was significantly augmented in TBKOs. These observations are in line with previous studies from our laboratory 27 and others 28 showing that absence of microsomal PGE synthase 1, the major synthetic enzyme for PGE 2 downstream of cyclooxygenase, also produces exaggerated hypertension. 27 Taken together, these data indicate that the PGE 2 /EP4R axis functions to oppose elevations in BP triggered by increased dietary salt intake or activation of the renin-angiotensin system. On the basis of the critical role of EP4R in PGE 2 -dependent vasodilation, we posited that impaired vasodilation in TBKOs would eliminate an important compensatory pathway for buffering elevations in BP. To test whether this mechanism explained exaggerated hypertension in the TBKOs, we evaluated mice with cell-specific deletion of EP4R from smooth muscle (SMKO). As in the TBKOs, acute vascular responses to PGE 2 were largely abrogated in SMKOs, confirming that EP4R signaling in VSMCs mediates PGE 2 -induced vasodilation. However, in contrast to TBKOs, we found that baseline BP was significantly reduced in SMKOs. Moreover, the phenotypes of enhanced salt sensitivity and accelerated angiotensin IIdependent hypertension seen in the TBKOs were not present in the SMKOs. Thus, eliminating EP4R-dependent vasodilatory responses in isolation did not lead to further increases in BP, suggesting that other functions of EP4R are responsible for its protective actions in hypertension. In this regard, Harris and associates recently showed that cyclooxygenase-2 expressed in macrophages prevents salt-sensitive hypertension through a pathway involving PGE 2 and EP4R, by regulating sodium deposition in skin. 64 These findings are in line with work by
Machnik et al 65 showing that the skin is an important reservoir for sodium storage during high-salt feeding, triggering macrophages to produce vascular endothelial growth factor-C, inducing lymphangiogenesis, and buffering the propensity of a high-salt diet to increase BP. Along with the minimal impact of deleting EP4R from VSMCs to development of hypertension, the frank reduction in baseline BP in the SMKOs was also unexpected. However, in previous studies, we demonstrated a key role for the EP4R in regulating renin release and activating the renin-angiotensin system. 36 In this prior work, performed in a unique line of recombinant inbred EP4R-deficient mice, we showed that renin expression and release were significantly diminished in the absence of EP4R signaling. 36 But because these mice lacked EP4R expression in all tissues, the key cellular site of EP4R action controlling renin could not be determined. Herein, we find significant attenuation of furosemide-stimulated renin expression in SMKOs, suggesting a mechanism for reduced baseline BP in SMKOs and pinpointing EP4R expression in smooth muscle lineages as a critical control point for renin. These findings are consistent with previous work showing that reninproducing cells in the juxtaglomerular apparatus of the kidney are contiguous with the glomerular afferent arteriole, and they have ultrastructural features and expression markers consistent with smooth muscle cell lineage. 66, 67 Taken together, our study reveals complex roles for the EP4R in BP regulation. EP4R in VSMCs mediates acute vasodilator responses to PGE 2 , while also acting as a control point for activation of the renin-angiotensin system. Although the absence of EP4R-dependent regulation of renin in isolation is sufficient to lower BP, this phenotype is supplanted by hypertension when expression of EP4R is more broadly reduced. Thus, the dominant physiological impact of EP4R in BP homeostasis is to oppose the development of hypertension.
